Back pain is a common clinical symptom. Degeneration of intervertebral discs is one of the most important factors leading to back pain, namely, discogenic back pain. However, at present, the understanding of lumbar intervertebral discs causing back pain is confined to biomechanical and histological studies. The neuropathological mechanism related to discogenic back pain is still not well understood. Many studies have found that as an intervertebral disc degenerates, the peripheral nerve tissues have corresponding structural reorganization, and a series of nerve cells become involved in progression of discogenic back pain. Therefore, study of neural mechanisms that are involved in progression of discogenic back pain will provide additional assistance for treatment of its symptoms. We review the anatomical structure of intervertebral discs and the related neural mechanisms involved in discogenic back pain. We also discuss the current view of neural mechanisms underlying discogenic back pain.
Introduction
Back pain is one of the most common and compound clinical symptoms. According to the World Health Organization, nearly 33% of people suffer from back pain worldwide, 1 and back pain is considered the most common of all types of disabling factors. 2 In the United States, the prevalence of chronic back pain is 10.2% among people aged older than 21, 3 while the prevalence of back pain has reached 26.1% in China. Back pain ranks third in the world in disabling factors, behind stroke and myocardial ischemia. 4 Back pain is also more common than hypertension and diabetes. 5 In daily life, the average daily pain expenditure for patients with back pain is 60% more than that of normal people. 6 The annual economic loss caused by back pain is 1 to3 billion USD worldwide. 7 Back pain has caused a large burden on social and medical resources, and its damage to social and economic development warrants further studies.
In the 1930s, Mixter first reported that lumber intervertebral disc herniation was a cause of back pain, thus opening the "intervertebral disc age". 8 In the 10 years that followed, many researchers began to study intervertebral disc degeneration, 9, 10 and gradually came to the conclusion that intervertebral disc degeneration might be an important cause of back pain. 11 Evidence has shown that approximately 40% of back pain cases can be attributed to lumbar intervertebral disc degeneration, 12 and intervertebral disc degeneration constitutes the main cause of chronic back pain. 13 Clinically, back pain that is caused by pathological changes of the intervertebral disc, without nerve root injury or segmental instability, is called discogenic back pain. The scientific community has intensely studied the neuroanatomy, cellular mechanisms, and mechanical mechanisms of intervertebral discs. Scientists have gradually realized that in addition to mechanical compression, changes in some biological mechanisms in the process of intervertebral disc degeneration are also important factors that contribute to the symptoms of back pain.
14 Unfortunately, these studies have not yet reached an accurate conclusion to date. The questions of "Do intervertebral discs cause pain?" and "Does intervertebral disc degeneration affect the nervous system?" remain unanswered These questions are still the focus of debate in the field of discogenic back pain and make research of discogenic back pain extremely challenging. In this review, we discuss the related neural mechanisms that contribute to discogenic back pain.
Neural distribution of normal intervertebral discs
Researchers have experienced a long process of understanding the distribution of nerve fibers in lumbar intervertebral discs. In the 1930s, with the establishment of microanatomy and neurochemical staining, free nerve endings in the lumbar intervertebral discs were found. 15, 16 This finding overturned the belief held by some researchers that there was no nerve innervation present in the disc. Subsequently, more complex peripheral structures, such as annular somatic receptors and mechanical stimulators, were gradually found in lumbar intervertebral discs. 16 In 1983, Bogduk et al. 17 found that the distribution of nerve endings in the intervertebral disc was confined to the outer structure in the fibrous ring of the intervertebral disc. These authors also found that the types of nerve fiber innervation in the different structural regions of the intervertebral disc were different. An example of this finding is that the sinuvertebral nerve and its direct branches innervate the posterior region of the intervertebral disc collectively. The grey communicating branch innervates bilateral regions of the intervertebral disc, and the anterior part of the intervertebral disc is controlled by the sympathetic plexus. 17 Additionally, the ascending and descending branches of the sinus nerve also innervate the articular facet joints 18 and endplates of the vertebrae, 17 and further intertwine into the spinal canal. 17, 19 The findings of Bogduk et al. 17 provided new understanding of the distribution of nerve fibers in intervertebral discs. However, because of the limitations of research conditions at that time, many of the findings were based only on gross observation made at autopsy. Therefore, little is known about the nature of nerve fibers distributed in intervertebral discs and their nerve conduction pathways.
With the development of immunocytochemistry and its application in the field of intervertebral discs, scientists have been able to gain new understanding of the neural structure of the intervertebral disc. Palmgren et al. 20 found a sympathetic nerve marker, neuropeptide Y, and sensory nerve marker, substance P, in the outer fibrous ring of lumbar intervertebral discs in normal adults. This finding suggested that the lateral fibrosis of the intervertebral disc was innervated by sympathetic and spinal nerves. With the discovery of some nerve fiber-specific markers, researchers have not only observed the distribution of nerve fibers in an intervertebral disc, but also classified these nerve fibers more accurately. Coppes 21 used substance P and calcitonin gene-related peptide to identify nociceptive nerve fibers in the intervertebral disc. Roberts 22 used vasoactive intestinal peptide to detect the nerve in the intervertebral disc. Sympathetic fibers in the intervertebral disc were found by tyrosine hydroxylase immunoreactivity in postganglionic fibers. 23 Additionally, mechanical receptors, such as Pacinian corpuscles, Ruffini's corpuscles, and Golgi tendons, are also found in intervertebral discs. 22 These receptors are fewer than the normal number found in intervertebral discs and are not normally sensitive to mechanical stimulation. 24 However, once the disc has undergone a pathological change, these receptors can be activated and produce corresponding potential changes. This constitutes the body's perception of changes in disc disease based on electrophysiology of the nerve. 25 In the 21st century, scientists have a deeper understanding of the nerve structure in intervertebral discs. In 2003, Fagan et al. 26 quantitatively found that there was no significant difference in the distribution of nerve densities between the outer fibrous ring and the endplate of a normal intervertebral disc. However, the nerve fibers produced a new distribution in the inner fibrous ring once the intervertebral disc had become diseased. The distribution density of nerve fibers in the lesion was significantly higher than that observed in normal intervertebral discs. Another study showed a source of nerve fibers distributed in the intervertebral disc, which suggested that they all originated from neurons in the dorsal root ganglion (DRG). 27 These neurons can be classified in different ways based on the cell diameter, type of neurotransmitter, and the different cytoskeletal components. An example of this classification is that the DRG neurons that innervate the lumbar intervertebral disc are mainly small cell neurons. These neurons can be further divided into peptide-sensitive, nerve growth factor-sensitive neurons and nonpeptide, glial cell-derived neurons according to the different types of transmitters contained in the cell bodies (Figure 1 ). Both types of small cell neurons can emit fibers to dominate the lumbar intervertebral disc. 27 These small cell-derived nerve fibers are mostly nociceptive nerve fibers. These are the type of nerve fibers that form the anatomical basis of discogenic back pain.
Nerve conduction anatomical pathway of the intervertebral disc
The nerve conduction pathway of lumbar intervertebral discs is related to the anatomical pathway of nerve fibers that are distributed in the lumbar intervertebral disc to the central nervous system. After Luschka first discovered the sinus nerve in 1850, researchers agreed that the sensory nerve endings in the intervertebral disc were projected by the corresponding segment of DRG neurons. 17 This understanding was based on a study of contemporary autopsies. [29] [30] [31] These studies showed that the sinus nerve at the intervertebral foramen consisted of the corresponding segment of the DRG peripheral process (the spinal sensory nerve fiber) and the sympathetic postganglionic fibers. The sensory nerve endings in the disc came from the sinus nerve and spread through the intervertebral foramen into the spinal canal. 29 These findings led to the belief that the sensory nerve fibers in the posterior longitudinal ligament and in the posterior region of the lumbar intervertebral disc were segmentally innervated by the corresponding DRG neurons.
With the development of nerve tracer technology, recent research has shown that innervation of lumbar intervertebral discs does not necessarily correspond with innervation of the spinal nerve segment. Only DRGs L1 and L2 were labeled by tracer DRG after injecting horseradish peroxidase and cholera toxin B into the ventral fibrous ring of the L5/6 intervertebral disc in rats. 30 This finding suggested that the spinal nerves that innervate lumbar intervertebral discs do not come from the same segment of the spinal nerve, but are innervated by multiple different segments from the DRG. Similarly, Ohtori et al. 31 used neural tracer injection at the L5/6 dorsal intervertebral disc area and observed that fluorogold-positive neurons from T13 to L6 might be bilateral DRG neurons. This further proved that a single lumbar intervertebral disc could be influenced by a variety of different segments of DRG neurons with branches. Additionally, Ohtori et al. 31 used disc nerve tracer cutting at the L2 and L3 regions of the sympathetic trunk in rats. These authors showed nearly 93% fluorogold-positive nerves at L3 to L6 DRG, and the T13 to L1 DRG also had fluorogold-labeled neurons. These results indicated that the DRG through the sympathetic trunk constitutes an indirect pathway for lumbar disc nerve conduction. Chen et al. 32 found that there were sinus nerves from the sympathetic trunk in the posterior part of the intervertebral disc, Figure 1 . Schematic representation the origin of sensory nerve fibers that innervate normal intervertebral discs. In the normal intervertebral disc, innervation is restricted to the outer layers of the AF and consists of small nerve fibers (yellow and green) and some large fibers forming mechanoreceptors (red). AF: annulus fibrosus; DRG: dorsal root ganglion; NP: nucleus pulposus.
which further supported Ohtori et al. 31 findings. Groen et al. 33 showed that the posterior innervation region of the intervertebral disc came from the sinus nerve and that sympathetic nerves were the only component of the sinus nerve. This conclusion contradicted some researchers' hypothesis that the sinus nerve is a mixed nerve composed of sympathetic nerves and the dorsal branch of the spinal nerve. The main components of the sinus nerve are still controversial. However, existing experimental results have shown that sympathetic nerves and the spinal nerve together constitute the anatomical basis of the nerve conduction pathway of lumbar intervertebral discs. [34] [35] [36] Changes in nerve fiber distribution in degenerative intervertebral discs Formation and infiltration of nerve fibers into the inner layer of the fibrous ring and nucleus pulposus during disc degeneration is considered as the main neural mechanism of discogenic back pain. At birth, there are many dense nerve fibers in the endplate and fibrous ring of a newborn's lumbar intervertebral disc. However, these nerve fibers gradually degenerate to only one third of the outer part of the fibrous ring as they grow older. Finally, the nerve structure is no longer present in the medial region of the fibrous ring of the lumbar intervertebral disc in normal adults. 37 However, some nerve endings reappear in a degenerated lumbar disc, and these endings infiltrate deeper into the inner tissue of the intervertebral disc (Figure 2 ). Ashton et al. 38 found that nerve fibers were more deeply infiltrated in painful than in painless intervertebral discs. Peng et al. 39 found that nerve fibers can grow along granulation tissue in the fissure of a degenerating intervertebral disc. These nerve fibers can gradually infiltrate the nerve endings in the deep part of the fibrous ring of the deteriorating intervertebral disc, even into the nucleus pulposus. Recently, researchers used Secreted Protein Acidic and Rich in Cysteine (SPARC) gene knockout mice to simulate degeneration of intervertebral discs. 40 They also discovered nerve fibers infiltrating into the intervertebral disc, which were identified as nociceptive nerve fibers. On the basis of the above-mentioned findings, some researchers have hypothesized that growth and infiltration of nerve fibers in degenerative intervertebral discs is one of the most important pathological mechanisms of discogenic back pain.
Cytokines that are produced during the process of intervertebral disc degeneration are important factors in inducing nerve endings to grow into degenerative intervertebral discs. 41 There is a small amount of neural growth factor and brain-derived neurotrophic factor (BDNF) in the nucleus pulposus and fibrous ring cells of normal intervertebral discs. 42, 43 However, expression of BDNF and nerve growth factor in degenerative discs of patients with discogenic back pain is considerably increased. 42, 44 Additionally, some protein receptors associated with nerve growth, such as tyrosine kinase A, can be released into the matrix via autocrine signals from degenerated intervertebral disc cells. This further alters the distribution of nerve endings in a degenerating intervertebral disc. 45 Changes in inflammatory levels in degenerative intervertebral discs also affect secretion of neurotrophic factors. Purmessur et al. 44 showed that interleukin-1 beta and tumor necrosis factor-alpha could stimulate human-derived nucleus pulposus cells to secrete nerve growth factor and BDNF in in vitro experiments. Richardson et al. 46 found that matrix metalloproteinases could further degrade the extracellular matrix of a degenerated intervertebral disc, thereby promoting nerve fibers into the nucleus pulposus and producing pain. Burke et al. 47 found that elevated inflammatory mediators in degenerative intervertebral discs can act on the nociceptors of the sinus nerve, directly resulting in changes in the electrical mechanism of the nerve. This reduces the excitatory threshold, making it more likely to produce nerve impulses. However, the interactions between various protein factors are complex, and some specific mechanisms need further examination in the future.
Effect of degenerative intervertebral discs on nervous system excitability
Many studies have confirmed that production of discogenic back pain is related to the electrophysiological state of the nerve as follows. Takahashi et al. 48 found that electrical stimulation of the L5/6 intervertebral disc could induce action potentials in the L2 nerve root in rats. This finding indicates that there are certain receptors in the intervertebral disc that can convert an external electrical signal into a bioelectrical signal for conduction. After mechanical and chemical stimulation of the L5/6 intervertebral disc in rats, mechanical stimulation could not induce an action potential in the L2 nerve; only chemical stimulation could induce a change in the L2 nerve action potential. 49 Therefore, mechanical stimulation cannot induce pain, and inflammation in the intervertebral disc causes transmission of noxious sensory impulses. Burke et al. 47 reported that elevated inflammatory mediators in degenerative intervertebral discs could act on intra-disc nociceptors and directly caused electrophysiological changes in nerve fibers. This was characterized by a lower threshold for nerve excitation and an increased likelihood for producing nerve impulses. Le Maitre et al. 50 found that interleukin-1 stimulated production of additional inflammatory factors in lumbar intervertebral discs, and this led to a series of inflammatory cascades. This finding suggests that inflammatory cells and mediators are important initiators of pain. These studies showed an inflammatory nerve mechanism of discogenic back pain caused by degenerative intervertebral discs. Although the diagnosis and treatment of discogenic back pain can be achieved by a nerve root block or discography technique, its effect is still controversial.
In addition to electrophysiological activities, nerve excitability is also related to the metabolic state of nerve cells. Some new studies have found that discogenic back pain is accompanied by changes in the metabolic level of central nervous cells. Loggia et al. 51 studied patients with chronic back pain as experimental subjects. The activated microglia cells were labeled with 11C-PBR28 in vivo. The stoichiometric concentrations of 11C-PBR28 in the brain of patients with chronic back pain were significantly higher than those in patients without back pain. These results suggest that microglia in the brain may play a role in the progression of back pain. In animal experiments, Miyagi et al. 52 found that the process of intervertebral disc degeneration caused by acupuncture injury was accompanied by accumulation and activation of glial cells in the posterior horn of the spinal cord. They further used a mouse model and spontaneously caused degeneration of lumbar intervertebral discs. In this model, the activity of glial cells in the posterior horn of the lumbar spinal cord was also increased. This phenomenon was closely related to the behavior of back pain in mice. 40 These results suggest that discogenic back pain is associated with disc degeneration, which affects the metabolic levels of nerve cells. Current studies on disc degeneration and back pain have focused on intervertebral disc tissue. The mechanism of intervertebral disc degeneration and nervous system functional changes still needs to be explored.
Conclusions
In conclusion, discogenic back pain is a common clinical symptom. Degenerated intervertebral disc cells and inflammatory cell infiltrates can stimulate reconstruction of nerve fibers of internal intervertebral discs and cause back pain at the same time. Generally, pain is a process that is signaled from the injured site or lesion and conducted to the central nervous system to produce the perception of pain. Many studies have shown that sympathetic and spinal nerves play a role in nerve signal transduction in discogenic back pain. Changes in nervous system excitability throughout the course of discogenic back pain have gradually drawn the attention of researchers. In the future, a full understanding of the specific mechanism of nerves throughout the course of discogenic back pain needs to be investigated. This will allow new methods and approaches for the treatment of discogenic back pain.
